Efficiency of EDTA functionalized nanoparticles in adsorption of chromium (VI) from water was investigated in this study. Magnetic iron oxide nanoparticles (IONPs) were synthesized by a simple chemical coprecipitation route and EDTA coating onto IONPs was attained via supercritical carbon dioxide (Sc CO 2 ), a technology with green sustainable properties. The obtained nanoparticles were then characterized by UV-Visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), and vibrating magnetometric analysis (VSM). The synthesized nanoparticle and its modified variant were evaluated as adsorbent for chromium (VI) removal from water through batch adsorption technique and the effect of analytic concentration; contact time and adsorbent concentration were studied at pH 2. The results showed higher removal efficiency for modified magnetic iron oxide nanoparticles (MIONPs) (i.e., 99.9%) than their nonmodified variant IONPs, that is, 34.06% for the same concentration after 18 hours of incubation. Also maximum adsorption capacity ( = 452.26 mg/g) of MIONPs attained can be related to their preparation in Sc CO 2 as calculated from IONPs, that is, 170.33 mg/g, is lower than that of MIONPs. The adsorption data fit well with Freundlich isotherm equation while kinetic adsorption studies of chromium (VI) were modeled by pseudo-second-order model.
Introduction
Rapid urbanization and industrialization have led to discharging heavy metals in the environment, which are threat to the health of humans as well as the natural ecosystem [1] . These pollutants are causing public health problems due to bioaccumulation, nonbiodegradability, and toxicity even at low concentrations [2] . Thus, various efforts are considered in order to cope with the mortifying status. Chromium (VI) is carcinogenic which imparts threat to environment and humans. Its contamination in drinking water is a burning problem faced by today's world. Thus, WHO recommends permissible limit of chromium (VI) in drinking water to be 50 ppm. Conventional measures like reduction, chemical precipitation, ion exchange, reverse osmosis, and electrochemical treatment are common measures used for removal of heavy metal content in water [3, 4] . However, these methods show drawbacks in their cost, complexity, efficiency, or sludge generation in application at large scale. Thus, adsorption is one promising technology outstanding among all other methods because of its simple design, ease in operation, low cost, and high retention efficiency when applied with proper adsorbent [5] [6] [7] .
Several materials, such as activated carbons, clay minerals, chelating materials, and chitosan/natural zeolites, have been researched to adsorb heavy metal ions from aqueous solutions. Also low cost biosorbents such as agricultural wastes, clay materials, biomass, and seafood processing waste are used as they are inexpensive and are capable of removing trace level of heavy metals in water [8] . However, applications of these sorbents are limited as these are not as effective as nanomaterials. After extensive study on nanomaterials for 2 Journal of Nanomaterials over a decade, it has been proved that nanomaterials have noble and unique properties and wide range of applications thus are potential enough for environment cleanup and preventing environmental pollution [9] . These exhibit higher efficiency and have faster rate in application of treatment of water when compared with other traditional sorbents [5] . Important characteristics of nanoparticles, which made them ideal adsorbents, are small size, catalytic potential, high reactivity, large surface area, ease of separation, and large number of active sites for interaction with different contaminants. These properties are responsible for high adsorption capacities by increasing the surface area, free active valences, and surface energies of nanoparticles.
Thus, the objective of this research was to develop simpler and versatile approach using IONPs and comparative study of these with MIONPs for removal of chromium (VI) from water. Modification of nanoparticles can be done by attaching suitable functional groups such as carboxylic acids, phosphoric acid, silanol, thiol, and amine or small organic molecules, biomolecules, polymer, ligands, and other nanoparticles increasing adsorption capacity that improves its activity and hence its efficiency [10, 11] . However, use of various solvents imposes some sort of toxicity even after purification so Sc CO 2 was used for surface modification of IONPs as it is environmentally benign process. Various studies relating synthesis of nanoparticles via Sc CO 2 are in biomedical application mostly for drug delivery and therapeutic study [12] ; however, only a handful are there in environmental aspects. Usage of Sc CO 2 reactor system in processing of nanocomposites for studies related to environmental aspects bear tremendous opportunities as it is antisolvent process that restricts the use of solvents associated with conventional modification method. It turns out to be effective and efficient process when dealing with drinkable thing like water that requires use of minimum toxicants. Also this favors the principle of recycling wastes as it uses one of the abundant greenhouse gases, carbon dioxide in the synthesis process. This could be one of the efficient ways to capture and reuse the wasted gas that is generated in enormous volume every year.
Among different nanostructures used for treatment of water, magnetic iron oxide nanoparticle was used in this research. Its properties such as strong adsorption capacity, good stability, unique magnetic properties, and insignificant toxicity facilitates extensively in environmental remediation [13] . Also it exhibits superparamagnetic behavior favoring fast magnetic separation in aqueous solution and increases reuse of adsorbent [14] and thus is established as most preferred one in water treatment and environment cleanup. IONPs easily aggregate in aqueous solution as they have weak chemical stability against air oxidation and are incapable of retaining adsorption materials. As a result, surface modification is required to stabilize IONPs for their application. Modification in Sc CO 2 enhanced the polymerization process producing MIONPs that enhances the efficiency of chromium (VI) removal from water.
Our aim of the study was to provide an ideal method for synthesis of nanocomposites and their characterization using tools such as UV-Visible spectroscopy, FTIR, XRD, SEM, TEM, and VSM. A study of different parameters like concentration, contact time, and adsorbent dosage was conducted to obtain optimum condition required for removal of chromium (VI). The adsorption isotherm and adsorption kinetics were established to explain mechanism of adsorption process.
Materials and Methods

Synthesis of IONPs and MIONPs.
IONPs comprising selected particle size were synthesized by usual chemical coprecipitation method using ammonia as precipitating agent. IONPs were prepared by gradual addition of ammonium hydroxide (7.0 M, 50 mL) at the rate of 1 cc/sec to the aqueous solution containing different concentrations of FeCl 2 ⋅4H 2 O at 90 ∘ C. The precipitate obtained was filtered and dried overnight at room temperature to yield IONPs with different IONPs crystallite size and magnetic properties [12] . The EDTA modification of IONPs was carried out in a stainless steel high pressure compact reactor (100 cm 3 ), model 5513, equipped with a PID temperature controller, manufactured by Parr Instrument Company, Illinois, USA. A requisite mixture of 10 mL of distilled water solution of EDTA (1 g) and IONPs (0.1 g) was prepared by vortexing and by ultrasonication that charged the reactor. The reaction mixture was gradually heated with electrically heating tape wrapped around the exterior wall of the cell at 80 ± 1 ∘ C to obtain the desired pressure of 1200 psi. Then, the reaction mixture was allowed to reflux over 6 hours. The CO 2 was vented into dichloromethane from the cell at 25 ± 1 ∘ C and modified IONPs were obtained with yield (%) 84.7 [12, 15] .
2.2.
Characterization. Nanoparticle properties are generally characterized by their size, morphology, and surface charge, using advanced techniques since they vary significantly with size and shapes [16] . The prepared IONPs and MIONPs were characterized through spectral analysis (UV spectra, FTIR, and XRD), microscopic analysis (SEM and TEM), and vibrating magnetometric analysis (VSM). The concentration of chromium (VI) was determined by UV-Visible spectra recorded in water using spectrophotometer model Genesis 10 Thermo Scientific, USA, at the increment of 3 nm. Transmission electron microscopy (TEM) images were recorded at 4-KX and 50x magnification and 1 m and 100 m scale over JEOL 1011 (Tokyo, Japan). Scanning electron microscopy (SEM), a high resolution microscopic technique, provided surface morphology of nanoparticles at 100 nm and 200 nm scale [17] . The magnetic magnetization property of nanoparticles was obtained by vibrating sample magnetometer (VSM) Princeton EG & G applied research model 155 with maximum current 30 A, reading number 150, and scan time 900 s at room temperature. The Fourier transformed-infrared (FTIR) spectra were recorded over Shimadzu 8400 spectrophotometer in KBr performed on dried samples with resolution 4 cm −1 which generated corresponding spectrum using IR-Solution software. The synthesized particles were characterized using X-ray diffraction (XRD) using Cu k radiation of wavelength 1.54056 ∘ A with range 2 from 20 ∘ to 80 ∘ and scan rate of 10/min [17] .
Adsorption Study.
Batch adsorption experiments of the chromium (VI) adsorption using IONPs and MIONPs were carried out at room temperature and conducted in acidic environment, at pH 2 [18] [19] [20] by shaking a series of bottles each containing the desired quantity of the adsorbent in a predetermined concentration of chromium (VI) in solution. Different parameters in samples examined include initial amount of IONPs, reaction time, and initial concentration of chromium (VI). To perform experiments, K 2 Cr 2 O 7 (1 g/L) solution and various dilutions of its chromium (VI) solution were prepared. For each test, nanoadsorbents were separated by external magnetic field and analysis for remaining chromium (VI) content was done using UV-Visible spectrophotometer [11, 20, 21] . The percent removal of chromium (VI) from solution was calculated by the following equation:
where is initial concentration of chromium (VI) and is final concentration of chromium (VI). Adsorption studies of chromium (VI) on nanoparticles were carried out at optimum pH 2 because, at pH range 2-2.5, these have maximum removal efficiency of chromium (VI). Different species of chromium (VI) coexist at acidic pH among which predominant species (HCrO4−) is favorably adsorbed at this range since it has low adsorption-free energy [19, 20] . Beside these, adsorption capacity and adsorption behavior of chromium (VI) on nanoparticles can be illustrated by adsorption isotherm. Each of the models, that is, Langmuir, Freundlich, and Temkin, has variations in type of system and adsorption modes. Kinetic performance of an adsorbent indicates solute uptake rate; thus, kinetic study was performed to determine residence time required to complete adsorption reaction [18] . Two kinetic models (pseudo-firstorder and pseudo-second-order) were applied to fit kinetic data [19] .
Result and Discussion
Characterization. The synthesized IONPs and MIONPs
were prepared for the UV-Visible analysis by preparing stock solutions of samples of concentration 10 mg/mL in water. Each solution of 10 mg/mL IONPs and MIONPs prepared in water was diluted to appropriate concentration and absorbance was measured from wavelength 200 nm to wavelength 600 nm using UV-Visible spectrophotometer. The UVVisible absorption spectrum recorded for the respective samples are shown in Figure 1 . The IONPs showed no measurable features in the visible region other than maximum absorption at 264 nm, while the MIONPs displayed a surface plasmon resonance band at 232 nm. On comparison, peak corresponding to absorption due to IONPs showed hypsochromic shift (blue shift).
FTIR spectra determined specific functionality of nanoparticles and verified the combination of In the spectrum for MIONPs, absorption band at 3261.62 cm −1 is stretching O-H bond due to intercalated water molecules [22] . After functionalization with EDTA, new characteristic peaks of C=O at 1629.84 cm XRD is used to study the crystal structure of solids. XRD patterns of IONPs and MIONPs are shown in intensities of MIONPs was seen probably due to the surface modification. However, there was no change in the peak position which indicates that IONP maintained its crystalline structure even after surface modification [19] . SEM and TEM analysis revealed the microscopic structure of nanoparticles ( Figure 4) . TEM images and size distribution of IONPs in the different scale of 100 nm and 200 nm showed particles aggregated in lumps due to their magnetic nature [11] . Also the particle size of about 20 nm was observed for the synthesized IONPs. SEM images at different scale from 1 and 100 m revealed the clear macro granules of ligand moiety dispersed on IONPs surface. The surface modification of IONPs with crystalline EDTA had irregularly dispersed resulting to increase in size [11] .
The study of magnetic behavior of IONPs and MIONPs along with their magnetization measurements was recorded. M-H hysteresis curves of IONPs and MIONPs are shown in Figure 5 . The magnetic behavior of materials depends on many factors, such as elemental composition, crystallinity, shape, size, and orientation. In agreement with the predictions of the particle size from SEM, TEM, and XRD data, it can be found that, with increase in the particle size, IONPs show higher coercivity (126 Oe) over MIONPs (25 Oe) with simultaneous decrease in their remanence of 0.05 emu/g and 6.61 × 10 −4 emu/g, respectively. Further, this contributed reduction in the saturation magnetization (emu/g) of MIONPs (0.1658) over IONPs (47.25) [23] . Thus, IONPs showed higher magnetization compared to MIONPs. Figure 6 shows the effect of adsorbent dosage on removal of chromium (VI) from aqueous medium. These studies were carried out on equilibrium concentration: time 180 minutes and pH 2. The results showed that increased with increase in concentration of absorbent; however, for the same concentration of absorbent, value for MIONPs varies from 320.17 mg/g to 499.5 mg/g which is comparatively greater than that for IONPs, that is, 86.88 mg/g to 170. 33 
Effect of Adsorbent Dosage on Adsorption of Chromium (VI).
Effect of Contact Time on Adsorption of Chromium (VI).
Experiments were run with the initial concentration of chromium (VI) at 1000 mg/L, while varying the contact time from 0 to 180 min with an adsorbent dose of 10 mg. The extent of removal of chromium (VI) by IONPs and MIONPs increased with the increase in contact time (Figure 7) . However, the adsorption was faster at the initial stage than the later stage due to the availability and plenty of active sites on the adsorbent surface. After 3 hours, MIONPs could adsorb up to 163.97 mg/g of adsorbate while unmodified IONPs could adsorb up to 147.95 mg/g of adsorbate. Variation and effectiveness of MIONPs can also be seen in the result obtained after 18 hours of incubation; that is, MIONPs adsorbed 452.26 mg/g of adsorbate while IONPs could adsorb 170.33 mg/g of adsorbate. Figure 8 showing their adsorption capacities. For IONPs and MIONPs, the value increased as a function of increase concentration of chromium (VI). The value ranges from 82.80 to 367.67 mg/g for MIONPs and, for IONPs, it ranges from 37.55 to 106.33 mg/g. Thus, MIONPs have greater adsorption efficiency than IONPs as they are enhanced by their modification with EDTA in Sc CO 2 .
Effect of Initial Concentration on Adsorption of Chromium (VI). The effect of initial concentration (200 to 1000 mg/L) of chromium (VI) adsorption on IONPs and MIONPs surfaces is presented in
Adsorption Kinetic Study.
In order to understand the kinetic mechanism of adsorption phenomena of chromium (VI) by nanoparticles, two kinetic models, that is, pseudofirst-order and pseudo-second-order, were applied to fit kinetic data. A pseudo-first-order equation [19, 24] is in the following form:
where is the amount of adsorbate adsorbed at time (mg g −1 ), is the adsorption capacity in the equilibrium (mg g −1 ), is the pseudo-first-order rate constant (min −1 ), and is the contact time (min).
A pseudo-second-order equation [19] based on adsorption equilibrium capacity is expressed in the following form:
where 2 is the pseudo-second-order rate constant (mg g −1 min −1 ). The results of adsorption studies carried out as a function of contact time, for chromium (VI), are presented in Figures  9(a) and 9(b) . It is suggested that the removal of chromium (VI) by IONPs and MIONPs adsorbents took place in two distinct steps: a relatively quick phase (first 3 h), followed by a slow increase until the equilibrium was reached. The necessary time to reach the equilibrium was about 18 h. The kinetics parameters and correlation coefficients were calculated from the linear plots and are listed in Table 1 . A low correlation coefficient was observed for the pseudo-firstorder model, indicating a poor pseudo-first-order fit to the experimental data for adsorption of chromium (VI) by both IONPs and MIONPs. However, the correlation coefficient for the pseudo-second-order model was higher than the values obtained for pseudo-first-order model. Hence, the adsorption kinetics of chromium (VI) was well described by the pseudosecond-order model. type of system and adsorption modes. The fitted constants for adsorption isotherms along with regression coefficients are summarized in Table 2 configured from Figure 10 . The adsorption of chromium (VI) was observed in the pH 2.
Langmuir isotherm equation is derived from monolayer adsorption with the assumption that the adsorbent surface has a fixed number of equivalent binding sites and without transmigration of adsorbate on the surface of adsorbent isotherm [26, 27] . Graphically, it is represented by a plateau, an equilibrium saturation point where once a molecule occupies a site, no further adsorption can take place [27, 28] .
The Langmuir equation can be written as
The linearized form of Langmuir can be written as
where is the solid-phase equilibrium concentration (mg g ; and is the maximum amount of the chromium (VI) per unit weight of adsorbent for complete monolayer coverage [5] .
After equilibrium, the adsorption capacity (mg/g) was calculated using a mass balance relationship equation:
where is the initial concentration of test solution (mg/L) and is the equilibrium concentration of chromium (VI) (mg/L), is the volume of the solution (L), and is the mass of adsorbent (g) [4] .
L , a dimensionless constant separation factor, determines whether a Langmuir adsorption system is favorable or not. The favorability of the absorption isotherm is defined for specific L values as for L >1 unfavorable, L =l is linear, L between 0 and 1 is favorable, and L =0 irreversible [27] . The separation factor, L , is defined as follows:
where is the initial concentration of chromium (VI) and is the Langmuir adsorption constant (L mg −1 ). The constants of Langmuir isotherm, and , are greater than 0 and the value of L lies within the range of 0-1 (Table 2) as shown in Figures 10(a) and 10(b) indicating the adsorption of chromium (VI) on nanoparticles which is highly favorable under the experimental condition used in this study [27] .
The Freundlich isotherm was chosen to estimate the adsorption intensity of the adsorbent towards the adsorbate.
The Freundlich isotherm is empirical model that is based on sorption on a heterogeneous surface allowing multilayer adsorption on sorbent.
The nonlinear form of Freundlich isotherm is
where is the equilibrium concentration (mg/L) and is the amount adsorbed (mg/g).
indicates the relative adsorption capacity of the adsorbent and represents the adsorption intensity. Linearly, the Freundlich isotherm is expressed as
The Freundlich constant, , can be used to predict the adsorption characteristics. If the value is equal to 1, then adsorption is linear; if < 1, then adsorption is a chemical process; if > 1, then adsorption is a physical process. The values of within the range of 1-10 represent good adsorption [29, 30] . The constant in Freundlich equation was found to be 1.92 and 1.38 for IONPs and MIONPs (Table 2 ) (Figures 10(c) and 10(d)). As lies between 1 and 10, it indicates the physical adsorption of chromium (VI) onto IONPs and MIONPs [31, 32] . The Temkin isotherm [24, 33] equation is generally applied in the following form:
This can be linearized as where = / , is the Temkin constant related to heat of sorption (J/moL), is the Temkin isotherm constant (L/g), is the gas constant(8.314 J/moL K), and is the Kelvin temperature (K).
For Temkin isotherm, the value of and were obtained by the plotting of versus ln [27, 31] shown in Figures  10(e) and 10(f) .
Comparing 2 values for three isotherms, Freundlich isotherm has the highest value of 2 ; thus, the adsorption of chromium (VI) by nanoparticles fits better with Freundlich isotherm.
Conclusion
MIONPs were synthesized via Sc CO 2 for adsorption process and were employed in the removal of chromium (VI) in water treatment. The removal efficiency of IONPs was compared with the modified IONPs that were synthesized using a chelating ligand, EDTA. When IONPs and MIONPs were used as adsorbent in chromium removal, MIONPs could remove up to 99.90% chromium from sample while IONPs could remove only about 34.06%. Also the MIONPs synthesized from supercritical carbon dioxide (Sc CO 2 ) assisted process increased the adsorption capacity ( ) relative to that of IONPs. The Langmuir, Freundlich, and Temkin adsorption models were used to express the sorption at pH 2. The Freundlich isotherm has the best fit to the experimental data. Kinetic adsorption studies of chromium (VI) at pH 2 were conducted and pseudo-second-order model described the adsorption kinetics.
